To make clear the mechanismof intraparticle diffusion at relatively high concentration ranges, the values of intraparticle diffusivity, Diq, of tetrahydrofuran (THF) within activated carbon pellets were measured at 308 K by use of two methods, i.e. the steady-state diffusion method and the flow method for fixed-bed adsorption. The two values of Diq obtained agreed with each other fairly well. Surface and pore diffusivities were calculated from Diq based on a concept of simultaneous occurrence of transfer through pore spacings and through surfaces. The value of surface diffusivity, Ds, thus calculated was almost equal to those reported for solvent vapor-activated carbon systems in lower concentration ranges. The value of pore diffusivity, Dp, calculated was close to that evaluated from molecular diffusion theory combined with Knudsen diffusion. It became clear that breakthrough curves numerically estimated using the values of D, r variable with the change in amount adsorbed, fitted the experimental breakthrough curves more closely than those estimated by use of the values of diffusivity assumed to be constant irrespective of amountadsorbed for specific experimental runs.
Introduction
Adsorption of organic solvent from air at relatively low concentration, such as less than 0.1vol%, by passing through a fixed bed of activated carbon is well known as a technique of solvent recovery. Under these conditions, it has already been pointed out that surface diffusion is predominant for intraparticle effective diffusion, i.e. transport of solvent within activated carbon particles,5'6'10) and methods of estimating the diffusivity from breakthrough curves have been developed by a number of investigators.2)3 '6) Using values of the effective diffusivity, adsorbers can be designed and their performance can be predicted for a range of operating conditions. The estimation of the intraparticle effective diffusivity from breakthrough curve leads to comparatively large error; thus the values of diffusivity have to be compared with those obtained by other methods.
In recent years, the concentration of solvent vapors in the air treated by carbon bed often reaches as high as 0.5 to 2vol%. In these cases, the values of intraparticle effective diffusivity, Diq, empirically obtained clearly increase with increasing amount of solvent adsorbed on carbon particles. For the case where diffusion through pore spacings, i.e. pore diffusion, and that through pore surfaces, i.e. surface diffusion, take place simultaneously within Received February 4, 1983 . Correspondence concerning this article should be addressed to Y. Takeuchi. 304 adsorbent particles, Diq is expressed as follows12): Diq = Ds + Dp/(dq/dc)ps (1) where c denote adsorbate concentration of fluid, q is amount adsorbed in equilibrium with c, and dq/dc means differential coefficient of isotherm. Ds and Dp denote surface-and pore-diffusivity, respectively, and ps is particle density.
Even if the information for q and c obtained from the analysis of fixed-bed breakthrough curves and/or from the steady-state diffusion method gives the mean values over the cross-sectional area of the fixed bed or in the particles of the adsorbents, it is evident that the value of dq/dc estimated from the values mentioned above decreases and thus the second term in the righthand side of Eq. (1) increases, with increasing c in bulk phase, when favorable isotherm systems such as organic solvent vapor-activated carbon systems are considered.
For such systems, therefore, the concentration dependency of the intraparticle effective diffusivity Diq is also explained by the change in dq/dc with concentration.
The purpose of the present paper is to obtain the values of intraparticle effective diffusivity of tetrahydrofuran (THF) vapor within Takeda HGW750 activated carbon by use of a method of steady-state diffusion and from the analysis of fixed-bed adsorption breakthrough curves, respectively, and to present a method of estimating effective surface diffu-JOURNAL OF CHEMICAL ENGINEERING OF JAPAN sivity and effective pore diffusivity based on a concept of simultaneous occurrence of transfer through pore spacings and through surfaces. Furthermore, breakthrough curves were calculated using the intraparticle diffusion equation based on the variable Diq depending on the amount adsorbed, and were compared with experimental curves.
Equations
Regarding steady-state diffusion through pellets, the relation between the mass flow rate of adsorbate through the pellets, TV, and Diq is expressed by Eq. (2).
where the difference in the amount adsorbed (Aq) between a distance L is taken as the driving force. S denotes the surface area per unit length of pellets which contributes to diffusion, and / means the total length of pellets.
Assuming that intraparticle mass transfer takes place due to surface diffusion and pore diffusion, Eq.
(2) can be written as follows.
Comparison of Eq. (2') with Eq. (2) brings about the following equation. Diq = Ds + Dp/(Aq/Ac)Ps (3) where Aq and Ac are the difference of the amount adsorbed and the concentration at both sides of pellets, respectively. The value of particle density, ps, can easily be measured and is listed in Table 1 . The value of (S/L) can be numerically obtained from Eq. The bed length for each run needs to be larger than that of the adsorption zone to apply the constant pattern concept. In fact, the constant length of adsorption zone, Za, is usually formed when the bed length is larger than (2-3)Za, and the mass balance between fluid and particles can be expressed by the operational line during adsorption on adsorbent particles from fluid. Thus, substituting the slope of the operational line, /? to mean value of dq/dc in Eq.
(1), the following equation can be derived.
Diq=Ds+Dp/pPs (5) Therefore, Ds and Dp can be determined from the values of the intercept and the slope in the linear relation between Diq and Ac/Aq as Eq. (3) for the steady-state diffusion method, and the relation between Diq and l/fi as Eq. (5) for fixed-bed adsorption, provided Ds is constant irrespective of the change in value of amountadsorbed throughout each run. For a system of strongly favorable isotherm, such as solvent vapor-activated carbon systems, the amount adsorbed q approaches a constant value rapidly with increasing concentration c, and for higher concentration ranges, Ds seems to be almost constant even if q changes slightly with the change of c. Regarding estimation of breakthrough curves based on the simultaneous pore-and surface-diffusion concept, the numerical procedure is essentially similar to that for the case of surface diffusion controlling except that Diq must be varied with the con- 
where y is bed bulk density, e is void fraction of bed, kf denotes fluid-film mass transfer coefficient, av is external area of particles, cs is bulk concentration at the geometrical surface of particles, q^and K are Langmuirconstants, and the superscript bar denotes the meanvalue.
The procedure to obtain the fixed-bed breakthrough curves is almost the same as that previously reported,n) except that Diq must be varied depending on c and q.
Since the isotherm is given by Eq. (10), the term dq/dc in Eq. (1) properties of the sample are presented in Table 1 . The apparatus to measure steady-state diffusion is a so-called diffusion cell. The cell unit made of stainless steel had a diaphragm and two chambers, as shown in Fig. 2 . Nine carbon pellets were horizontally fixed in holes in the diaphragm by use of epoxy resin. To decrease fluid-to-particle diffusion resistance, the linear velocity of air in both chambers must be increased. The volume of each chamber was about 2.4x 10~6m3 and flow rate on both sides was maintained about 6.7 x 10"6 m3/s. The diffusion cell was thermostated at 308 K.
The pressure was maintained constant on both sides of the pellets. THF-laden air was introduced into the upper chamber, THF-free air into the lower chamber.
Concentration of THF in both air streams of constant flow rate was determined by passing them to a shorter bed and measuring the weight increase due to adsorption ofTHFfor a certain period (before the breakthrough of THF took place). The equilibrium amount adsorbed for the respective streams was determined in the same way as above, except that a small amount of the activated carbon pellets was exposed to the streams until equilibrium was established.
Fixed-bed adsorption HGW 750 carbon was crushed and a fraction of 8/12#
particles, i.e. mean particle diameter of 1.83x 10"3m, was obtained and then dried with a nitrogen stream for 2h or more at 413 K. The carbon particles were packed in a glass column of 2.2x 10"2m i.d. and about 5x 10~2m long.
As shown in Fig. 3 , THF-laden air of constant concentration was supplied to the fixed bed of carbon particles and then THFconcentration in the effluent was measured by a flame ionization detector (FID).
Because the FID responds sensitively to change of THFconcentration and to change of flow rate of the fluid introduced to the detector, the ratio of effluent concentration to in fluent concentration, c/c0, was determined by the FID continuously at a scheduled flow rate of 0.3m/s at 308K, maintained precisely constant. The concentration of THFat equilibrium wasmeasured by an interferometer when the concentration of THFwas rather high. However, when the in fluent concentration, c0, was lower, c0 was determined by exposing a short column filled with activated carbon to a THF-laden stream of c0 for a certain time and then by measuring the increase in weight.
Results and Discussion
Concentrations of THFin the two streams from a diffusion cell were determined and the value of Aq was evaluated from the procedure mentioned above. The Table 2 .
Values of intraparticle diffusivity, Diq, were evaluated from breakthrough curves by use of the methods developed by the authors2) and/or by Kawazoe, 6) Tables 2 and 3 Tables 2 and 3 , it is clear that an appreciable amount of pore diffusion occurs simultaneously under the experimental conditions. The value of effective surface diffusivity, Ds, obtained from the intercept of the figure is 3.74 x 10~10 m2/s. It is almost the same order of magnitude as the values reported for organic solvents of almost the same molecular weight to THF-activated carbon systems.^On the other hand, the value of effective pore diffusivity, Dp, determined from the slope of the line is 1.05x lO"6 m2/s. From a well-known method for estimating effective intraparticle pore diffusivity based on molecular diffusivity,9) Knudsen diffusivity12) and parallel and tortuous pore model, and taking tortuosity k2 to be 3,7) the value becomes to be 1.12x 10~6 m2/s. Therefore, the value ofDp estimated from Fig. 4 seems to be reasonable. For the examination of mathematical validity of the present concept, the relative importance of the first term to the second in the right-hand sides of Eq.
(3) and (5) must be further checked. Therefore, the ratio DJ(DpAc/Aqps) or DJ(Dp/pps) is listed in Tables  2 and 3 . The results range from 1 to 15 and the values indicate that the present concept can be applicable to analyze the concentration dependencyof intraparticle effective diffusivity under the condition discussed
here.
An alternative method to test the present diffusiqn concept will be performed by comparing the fixed-bed breakthrough curves with numerical results obtained, changing successively the value of Diq in Eqs. (8) and (9) with the change of bulk concentration and amount adsorbed within the pore of adsorbents, respectively.
Although a number of papers have been presented for gaseous and/or aqueous systems under the condition of surface diffusion controlling,1'2'6'11'1^none of them has taken into account the dependence of Diq on bulk and solid concentration in the pores due to simultaneous contribution of both surface diffusion and pore diffusion in non-linear isotherm systems, except Fleck's1} and Mansour's8) papers. Fleck estimated fixed-bed breakthrough curves under constant contribution of pore diffusion to overall transfer of 307 It will be concluded that concentration dependency of intraparticle diffusivity exists due to simultaneous surface diffusion and pore diffusion under the condition examined.
Conclusion
The values of intraparticle effective diffusivity, Diq, were determined from the measurement of steadystate diffusion and from the analysis of fixed-bed adsorption breakthrough curves for the tetrahydrofuran-activated carbon system. From the analysis of Diq obtained on the basis of the simultaneous surface diffusion and pore diffusion concept for various concentrations of tetrahydrofuran in bulk fluid, the effective surface diffusivity, Ds, was determined to be Ds=3J4x 10"6m2/s and the effective pore diffusivity, Dp, as 1.05 x 10"6m2/s at 308K. The breakthrough curves will be calculated with better accuracy than by the previous methods when one uses the values of Diq estimated from Eq. obtaining an algorithm to solve the large-scale system of equations. However, in contrast to the works on partitioning and tearing of the system equations, published works on the representation of the calculation scheme are meager. Wecan see the concepts of the graph of flow in the studies of Steward6) and Himmelblau.3) Recently, studies1 '7) with graph application have
